This study investigates the role of phonetic variability in category formation. The category boundary between /n/ and /m/ was manipulated in English-speaking adults. In Experiment 1 (n = 24), categories were indicated by lexical (novel word-object pairings) and distributional (withincategory variability, category mean) information. During pre-and post-tests, listeners categorized stimuli from a 10-step re-synthesized continuum from "nado" to "mado". During training participants heard a bimodal distribution of tokens with one mode spanning 7 steps (wide) and one spanning 3 (narrow). For half the participants the wide category was "nado" and for the other half it was "mado". During training, tokens from each category were paired with different objects (socks or balls). A repeated-measures ANOVA showed that after training, categorization shifted toward the wide distribution (F(1,22) = 10.259, p < .01) and more so for ambiguous steps (F(9,198) = 5.283, p < .001). In Experiment 2 (n = 12), auditory information was identical to Experiment 1, but lexical information about the categories was removed (all training tokens referred to the same object). Listeners again shifted categorization towards the wide distribution (F(1,10) = 7.686, p < .05), indicating that distributional information alone was sufficient to change categorization behaviour.
INTRODUCTION
While infants undergo a restructuring of their speech sound categories within their first year, less is known about flexibility of speech perception in adulthood. Initially, infants discriminate contrasts that are not phonemic in their native language (Werker, Gilbert, Humphrey & Tees, 1981; Werker & Lalonde, 1988; Werker & Tees, 2002) and are sensitive to variations within sounds within a phonetic or phonemic category (Maye, Werker & Gerken, 2002; Maye, Weiss & Aslin, 2008; Yoshida, Pons, Maye, & Werker, 2010) . But by 10 to 12 months (at least for consonants), discrimination of these sounds declines (Werker et al., 1981; Werker & Tees, 1983 Pegg & Werker, 1997; Yoshida et al., 2010) and adults generally fail to discriminate non-native phonological contrasts (e.g., Trehub, 1976) , and seemed to disregard differences within phonological categories (e.g., Liberman, Harris, Hoffman, & Griffith, 1957; Iverson et al., 2003) .
However, adults may be sensitive to within-category variability (Pisoni & Tash, 1974; Miller & Volaitis, 1989; Newman, Clouse & Burnham, 2001; McMurray, Tanenhaus & Aslin, 2002) and by providing cues such as referential context, speech-sound categories can be altered in both infants (e.g., Yeung & Werker, 2009 ) and adults. For example, for adults, if an ambiguous sound (selected from the center of the continuum of sounds between /f/ and /s/) is embedded at the end of a string of sounds that form a word with /f/ (or /s/) but not /s/ (or /f/), as in bree/f/ but not bree/s/ in English, Dutch participants were more likely to identify the ambiguous sounds in isolation as /f/ (or /s/; Norris, McQueen & Cutler, 2003) . Embedding ambiguous sounds in lexical contexts has been demonstrated to affect speech-sound categorization with several different sound categories, including: /t/-/p/ (van Linden & Vroomen, 2007) , /d/-/t/ (Clarke & Luce, 2005; Kraljic & Samuel, 2006) , and /s/-/ʃ/ (Kraljic & Samuel, 2005) .
The perception of speech sounds can also be affected by distributional information (how often specific speech sound variants are presented), sometimes in conjunction with feedback. Japanese-speaking adults improve discrimination of the /l/-/r/ distinction (present in English but not Japanese) when experimenters manipulated both how often each category member was heard and the acoustics of the variants (Logan, Lively & Pisoni, 1991; Lively, Logan & Pisoni, 1993; McClelland, Fiez & McCandliss, 2002; Iverson, Hazan & Bannister, 2005) , while English speakers improved on non-phonemic pitch (Zhao, 2010) and vowel (Goudbeek, Cutler & Smits, 2008) distinctions. Changes in speech-sound categorization can occur based on distributional information without feedback when sounds are presented in the context of known words. Sounds along a /b/-/p/ continuum were embedded in words (beach -peach). Within each sound category, the voice onset time (VOT), which distinguishes between /b/ and /p/ (in English) was either highly variable (wide distribution) or minimally variable (narrow distribution) across subjects. Subjects exposed to wide (variable) categories were less rigid in their categorization of ambiguous stimuli (Clayards, Tanenhaus, Aslin & Jacobs, 2008) .
For infants, sound perception can be changed through distributional information alone (Maye et al., 2002; Maye et al., 2008) , but for adults, additional information has usually been provided (e.g., Logan et al., 1991; Lively et al., 1993; McClelland et al., 2002; Iverson et al., 2005) . Although marginal success was once achieved with distributional information (Lindsay, Clayards, Gennari, & Gaskell, 2010) , it is an open question if the referential context provided by embedding ambiguous sounds within known words or pairing the words with pictures is necessary for changes in speech-sound categorization. We ask whether the boundary between /n/ and /m/ can be shifted in adults even when embedded in nonwords (Experiment 1) even in the absence of referential information in the form of pictures (Experiment 2). Before and after training, adults categorized stimuli from a 10-step resynthesized continuum from nado to mado. During training, subjects heard tokens along the nado-mado continuum that fell into two non-overlapping distributions or modes: one mode spanned 7 steps (wide) and one spanned 3 (narrow). For each subject, training items forming the 2 modes were associated with 2 familiar object categories and a response side (Experiment 1) or not (Experiment 2). If adults' speech-sound categories are affected by the training, more tokens should be categorized as members of the wide category after than before the training.
EXPERIMENT 1

Methods
Participants
24 native English-speaking adults (18-39 years, M = 21.8; 17 female) participated. An additional 4 participants were excluded for poor anchor-trial performance (see Procedure).
Stimuli
Auditory stimuli consisted of 3 continua created from 3 tokens of /nado/ and 3 of /mado/ spoken by 2 native Quebec French speakers, digitized at 44.1 kHz, 16-bit resolution. Nado-mado pairs were selected from the same speaker to be similar in length and amplitude. The length and amplitude of the nasal portion within each pair were matched (in Praat; Boersma & Weenink, 2012) and for each pair, 29 blends were created in which the proportion of nado in the blend was varied from 1.0 to 0.0 in 31discrete steps (in STRAIGHT; Kawahara, Masuda-Katsuse, & de Cheveigné, 1999) . Thus, step 0 was nado-mado 1.0-0.0, while step 30 was 0.0-1.0, and step 15 was near .50-.50. To increase variability of the stimuli to better resemble natural speech, for each of 31 steps for each of 3 continua, 3 tokens were created by randomly perturbing amplitude and duration within +/-5% and pitch within +/-40 Hz.
Training stimuli were selected by presenting tokens from the three continua to naïve adults for categorization (as nado or mado). For each continuum, 10 steps were selected to conform to an Ideal Response Curve (IRC) of 10 steps ranging in probability of being identified as mado of 0.0 at step 1 to 1.0 at step 10 (see Figure 1 ), resulting in 90 tokens. FIGURE 1. Target ideal response curve (grey line) overlaid with the normed mean probability of mado-identification for the 3 perturbations selected at each of the 10 steps for each of the 3 continua (2 from speaker A, 1 from speaker B).
Perturbed (3) and unperturbed (1) tokens were selected from the endpoints of the 3 31-step continua to serve as anchor points -unambiguous tokens for use in the Introduction, Pretest, and Posttest. Finally, two exemplar tokens (one nado, one mado), to be used in the Introduction, were recorded by a native English speaker at 44.1 kHz, 16-bit resolution and modified using Praat to increase the salience of the n-m distinction by lengthening the duration of the nasal portions of the nonwords. In summary, 104 tokens were used the current experiment -3 perturbations of 10 steps from 3 continua, plus the anchor tokens (1 unperturbed and 3 perturbed recordings for each continuum), plus the 2 exemplars.
Visual stimuli consisted of 34 color photographs of socks and 34 color photographs of rubber bouncy balls, used in the training phase. Images of balls were retrieved from photo-sharing service Flickr (http://www.flickr.com/photos/lenore-m/sets/72157600087536553/) and images of socks were retrieved using a Google image search. Each object was presented centered on a square white background, occupying approximately 75-90% of the square. Each square measured approximately 2" on the diagonal when presented on the computer screen. 
Design
To determine whether identification of speech sounds in adults was affected by a combination of referential and distributional information, in a Pretest and Posttest subjects heard the 90 training tokens and indicated whether they heard nado or mado for each. Responses to tokens from each step of the continua in the Pretest and Posttest were compared at each step to determine if a shift in the identification of tokens had taken place after training.
Training manipulated the distribution of tokens along the 10 steps, with the goal of shifting perception of the boundary between /n/ and /m/. The distribution was manipulated in three ways. In the N-Wide condition, (1) tokens from steps 1-7 were associated with one object (sock, ball) while tokens from steps 8-10 were associated with the other, thus (2) the boundary between /n/ and /m/ was between steps 7 and 8, and (3) each object category was associated with a side (left, right). In the M-Wide condition, (1) tokens from steps 1-3 were associated with one object and steps 4-10 with the other, thus (2) the boundary was between steps 3 and 4, and (3) each object category was associated with a side. There was no predicted difference between the N-wide and M-wide conditions, thus analyses collapse over the specific sound (N, M) to examine whether, after training, subjects would be more likely to identify tokens as members of the wide category.
The wide category thus included more variable stimuli than the narrow, and the mean of the wide category was closer than the mean of the narrow category to the center of the continuum. An equal number of tokens from each category was presented during the training. The number of tokens presented for each step in each condition is shown in Figure 2 .
Half the subjects were assigned to the N-wide, half to M-wide condition. The assignment of the wide category to socks or balls and of the wide category to the left or right of screen was fully crossed within each condition. Thus, 3 subjects were randomly assigned to each of the 8 versions of the experiment created by crossing wide sound (N, M) by object assigned to the wide sound (sock, ball) by side assigned to wide sound responses (left, right).
(a) (b) FIGURE 2. Number of tokens played per step in the Training in the N-Wide (a) and M-Wide (b) conditions. Category membership was manipulated in 3 ways. (1) Filled bars indicate the wide category covering 7 steps, while open bars indicate the narrow category covering 3 steps, each category was associated with a specific object type, (2) the category boundary (arrow) was shifted (toward the narrow category) relative to the original boundary (dashed line), and (3) the wide and narrow categories were each associated with a side. The minimal set can be found by dividing the frequency of each step by 9.
Procedure
Participants were tested individually in a quiet room, seated at approximately 1-2 feet from a computer screen running E-Prime 1.1 (Psychology Software Tools, Pittsburgh, PA), wearing Sennheiser HD 280 headphones. Responses were collected with an Apple USB Keyboard, model M2452. Each of the keys in the home row (A, S, D, F, J, K, L, ;) were labeled with a black circle (•). The G key was labeled < and the H key was labeled >. The remaining keys were covered with blank labels.
The experiment consisted of four phases: Introduction, Pretest, Training, and Posttest. In the Introduction, after a welcome screen, subjects read that they would hear many examples of two words, and their task was to press the "<" key after hearing one word and the ">" key after hearing the other. They then heard the 2 exemplar tokens as examples of the two words. The two nonwords (nado, mado) were never seen in writing and the difference between them was never explicitly stated. Next, subjects did 4 trials (twice with the exemplar tokens and twice with unperturbed anchor tokens), similar to Pretest trials, but in which the correct response was provided. The < symbol appeared on the left and the > on the right of the screen, followed by auditory presentation of a token. A green box with the text, "Now, press this button:" then appeared around the correct response (< or > depending on whether N or M was assigned to left or right). The trial did not end until the participant pressed the correct key. In this way, participants were taught that one nonword was to be associated with the left and the other with the right key. Finally, subjects did 36 practice trials with feedback. The < and > were presented, followed by the auditory presentation of a token. Responses prior to the offset of the token were ignored. A green check mark was presented after correct responses and a red X after incorrect responses in the center of the screen. The first 18 practice trials presented unperturbed anchor tokens (3 repetitions of 2 steps from 3 continua) and the next 18 trials presented perturbed anchor tokens (3 perturbations of 2 steps from 3 continua). Subjects were then invited to continue without feedback.
In the Pretest, subjects heard tokens from the 3 10-step continua and indicated their response using the < and > keys. Pretest trials were identical to practice trials with feedback, but no feedback was provided. When a response was made the trial ended and the next trial began. The Pretest began with 6 trials of perturbed anchor tokens (2 steps from 3 continua), followed by 180 trials with the perturbed tokens from the 10-step continua (3 perturbations of 10 steps from 3 continua times 2 repetitions), followed by 6 trials of perturbed anchor tokens (2 steps from 3 continua), for a total of 192 trials. The anchor-token trials were used to verify that subjects were completing the Pretest as intended. There was no distinction between anchor trials and other trials from the subjects' perspective.
In Training, subjects completed a task in which the nonwords were associated with object categories. Training trials began with 8 images appearing in a horizontal row across the screen. For each subject, socks were associated with the left and balls with the right, or vice versa. On each trial, 4 randomly selected images of each object category were presented. After 500 milliseconds (ms), a token was played. 650 ms after the offset of the token, a blue box appeared around one of the images. The location of the box was determined by the condition. If the token belonged to the N category, the box appeared randomly around 1 of the 4 images on the side to which N was assigned. Likewise, if the token belonged to the M category, the box appeared randomly around 1 of the 4 images on the other side (the side to which M was assigned). The 8 images corresponded to the 8 keys on the home row of the keyboard (labeled with •). To end the trial and begin the next trial, the participant had to press the key corresponding to the location of the box. The tokens used in the training were the same tokens used in the Pretest (3 perturbations of 10 steps from 3 continua). For each continuum, the 3 perturbations at each step were repeated between 2 to 18 times (depending on the step) for a total of between 18 and 162 trials per step (see Figure 2 ). There were a total of 612 trials in the training.
The Posttest was identical to the Pretest (including the anchor-token trials) so that responses for each step of the continuum could be compared before and after the training. Data from subjects with 4 or more errors on the 24 anchor-token trials were excluded. The duration of the experiment was approximately 60 minutes.
Results and Discussion
For the Pretest and Posttest, for each step in the continuum, the mean proportion of identification as a member of the Wide category was calculated. As the interaction of Wideness condition (N-Wide, M-Wide) x Test (Pre, Post) x
Step (1 narrow to 10 wide), was not reliable, F(9, 198) = 1.718, p = .087, subsequent analyses collapse across Wideness condition.
As expected, tokens were more often judged to be members of the wide category in the Posttest (M = .57) than in the Pretest (M = .51), a difference supported by a reliable main effect, F(1, 23) = 10.357 p < .01, in an analysis of variance (ANOVA) with Test (Pre, Post) and Step (1-10) as within-subjects factors. The main effect of Step was also reliable, F(9, 207) = 362.418, p < .001, consistent with the expectation that at one endpoint, tokens were judged to be members of the narrow category, while at the other, tokens were judged as members of the wide category. Critically, the interaction of Test x Step was also reliable, F(9, 207) = 4.847, p < .001, consistent with the prediction that steps in the middle of the continuum should shift after training, while endpoint judgments would change relatively little. To verify that mid-continuum (4, 5, 6, 7), but not endpoint steps changed from Pretest to Posttest, the Pretest and Posttest judgments were compared at each step using 10 paired t-tests with a Bonferroni adjusted alpha level of .005 (.05/10) per test. Only steps 5, t(23) = 3.439, p = .002; 6, t(23) = 3.065, p = .005; and 7, t(23) = 3.934, p = .001 were reliably different between the Pretest and Posttest due to increased judgments as member of the wide category in the Posttest (see Figure 3) . Experiment 1 demonstrated that the boundary between /n/ and /m/ could be shifted in adults when adults were provided with distributional information suggesting that one category of speech sounds (wide) was more variable and than another (narrow) in the context of minimal lexical information (2 minimally different nonwords) when each nonword category was associated with a known object category (sock, ball) and also with a response side (left, right). Thus, adults' judgment about which ambiguous sounds were /n/ and which /m/ was changed even when the specific training words did not bias towards one interpretation of potentially ambiguous sounds (cf., Norris et al., 2003) . However, in Experiment 1, each nonword category (nado, mado) was associated with a known object category (sock, ball), providing some referential support for shifting the category boundary. In Experiment 2, we remove the known-object association to investigate whether adults can still shift their category boundary.
EXPERIMENT 2
Methods
Participants
Participants were 24 native English-speaking adults (18-30 years, M = 20.8; 19 female) who had not participated in Experiment 1. An additional 2 participants were excluded for poor anchor-trial performance.
Stimuli, Design, and Procedure
The stimuli, design, and procedure of Experiment 2 were identical to Experiment 1 except that in training (1) each subject saw only socks or only balls, thus removing the association between the nonword categories and known objects as a cue to discriminate the two categories and (2) there was no association of nonword category (nado, mado) with response side (left, right), also removing side as a cue for discriminating the two categories,
Results
Analyses were conducted as for Experiment 1. The interaction of Wideness condition (N-Wide, M-Wide) x Test (Pre, Post) x Step (1 narrow to 10 wide), was not reliable, F(9, 198) = .692, p = .715, thus subsequent analyses collapse across Wideness condition. Tokens were more often judged to be members of the wide category in the Posttest (M = .56) than in the Pretest (M = .51), supported by a reliable main effect of Test, F(1, 23) = 9.014, p < .01. There was a main effect of Step, F(9, 207) = 397.198, p < .001, and a reliable interaction, F(9, 207) = 3.688, p < .001. Steps 4, t(23) = 3.238, p = .004; and 5, t(23) = 4.014, p = .001 were reliably different (after Bonferroni correction) between the Pretest and Posttest due to increased judgments as member of the wide category in the Posttest (see Figure 4) . FIGURE 4. Mean probability across subjects that tokens at each step (collapsing across 3 continua and 3 perturbations) were identified as a member of the wide category for Pretest (solid line) and Posttest (dashed line) of Experiment 2. Steps with significant differences between Pretest and Posttest (after Bonferroni correction) are marked with *.
Finally, there was no interaction between Test, Step, and Experiment (Experiment 1, Experiment 2), F(9, 414) = 1.046, p = .402, consistent with the idea that the boundary shift was similar in both Experiments.
DISCUSSION
Two Experiments demonstrated that the boundary between /n/ and /m/ could be shifted in adults. Adults were provided with distributional information suggesting that one category of speech sounds (wide) was more variable and than another (narrow) with minimal lexical support (ambiguous sounds embedded in nonwords). After this training, adults shifted their category boundary such that the sound category with more variability (wide category) was more inclusive after training. In Experiment 1, in addition to the distributional information, each speech-sound category was associated with a known object category and with a response side. In Experiment 2, the associations between the speech-sound categories and (1) the known objects and (2) the response side were removed. In both Experiments, the boundary shift was present, and seemed to be similar, supporting the claim that the association between the speech sound and object categories was not necessary for learning, and consistent with the idea that for adults (as for infants) distributional information is sufficient for perceptual learning in the domain of speech.
We demonstrate that distributional cues alone were sufficient to shift perception of the /n/-/m/ boundary. Not only are adults capable of attending to distributional information (e.g., Holt & Lotto, 2006; Clayards et al., 2008; Goudbeek et al., 2008) they can use this information to shift their perception of existing phonological boundaries. The current experiments provide further evidence that phonological categories are not fixed in early childhood but are maintained and tuned by input into adulthood. 
